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ABSTRACT: Counterions are critical to the self-assembly of RNA tertiary structure because they neutralize
the large electrostatic forces which oppose the folding process. Changes in the size and shape of the
Azoarcusgroup I ribozyme as a function of Mg2+ and Na+ concentration were followed by small angle
neutron scattering. In low salt buffer, the RNA was expanded, with an average radius of gyration (Rg) of
53 ( 1 Å. A highly cooperative transition to a compact form (Rg ) 31.5( 0.5 Å) was observed between
1.6 and 1.7 mM MgCl2. The collapse transition, which is unusually sharp in Mg2+, has the characteristics
of a first-order phase transition. Partial digestion with ribonuclease T1 under identical conditions showed
that this transition correlated with the assembly of double helices in the ribozyme core. Fivefold higher
Mg2+ concentrations were required for self-splicing, indicating that compaction occurs before native tertiary
interactions are fully stabilized. No further decrease inRg was observed between 1.7 and 20 mM MgCl2,
indicating that the intermediates have the same dimensions as the native ribozyme, within the uncertainty
of the data ((1 Å). A more gradual transition to a finalRg of approximately 33.5 Å was observed between
0.45 and 2 M NaCl. This confirms the expectation that monovalent ions not only are less efficient in
charge neutralization but also contract the RNA less efficiently than multivalent ions.

Like proteins, certain RNA molecules assemble into
unique three-dimensional structures that are essential for their
biological activity. How these folded structures form from
the denatured state has become the subject of intense
investigation (e.g., refs1-3). In contrast to proteins, where
hydrophobic interactions drive the collapse of the polypeptide
chain, RNA folding requires cations to neutralize the
electrostatic repulsion between phosphate groups. The col-
lapse of RNA chains to intermediate (non-native) structures
in the presence of counterions is of fundamental importance
because it determines the probability of forming biologically
active structures in a short time.

Theoretical and experimental studies of DNA and RNA
show that counterion condensation around nucleic acids

reduces the effective phosphate charge by 75-90% (ref 4
and references cited therein). Theoretical models of poly-
electrolytes suggest that counterion condensation initially
produces an ensemble of compact forms that contain both
native and non-native interactions that slowly diffuse to the
native state (2).

Experimentally, the presence of collapsed intermediates
in RNA folding was indicated by biochemical (5, 6) and
structural (7) studies on group I ribozymes. Small angle
X-ray scattering (SAXS)1 experiments on theTetrahymena
group I ribozyme (7), yeast tRNAPhe, and RNase P (8)
demonstrated that counterions induce compact structures at
concentrations below what is required to stabilize the native
structure. In accord with theoretical predictions (2), UV
absorption (9) and stopped-flow SAXS (10) showed that the
initial collapse occurs in 1-10 ms, which is a much shorter
time than required to form the native ribozyme.

An important question is the extent to which native
interactions stabilize these compact folding intermediates.
We addressed this question using small angle neutron
scattering (SANS) to measure changes in the global dimen-
sions of a 195 nt group I ribozyme from pre-tRNAIle of the
Azoarcusbacterium (11) (Figure 1). Like SAXS, SANS is a
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powerful technique for measuring changes in the size and
shape of noninteracting particles in solution, with a resolution
on the order of angstroms (12, 13). Neutron scattering can
also provide information about solvation or dynamics.

The collapse transition detected by neutron scattering was
compared with two conformational phase transitions previ-
ously defined by biochemical probes of RNA structure
(14): a transition from unfolded (U) RNA to a more ordered
intermediate (IC) in low Mg2+ concentration that involves
the assembly of helices in the core of the ribozyme and a
second transition from IC to native tertiary structure (N) in
higher Mg2+ concentrations that coincides with the appear-
ance of catalytic activity. The reduction inRg correlates well
with the transition from U to IC as assayed by RNase T1
protection and precedes the appearance of catalytic activity.
The results suggest that the ensemble of collapsed structures
contains many native interactions, implying that theAzoarcus
ribozyme collapses to native-like structures upon counterion
condensation.

MATERIALS AND METHODS 2

RNA Preparation.The L-9 Azoarcusribozyme (195 nt)
was transcribed in vitro from pAz-IVS digested withEarI
(14). Transcription reactions (10 mL) were carried out in
disposable 50 mL centrifuge tubes as previously described
(15), with 5 µg/mL plasmid DNA, 50000 units of T7 RNA
polymerase, and 2 mM each nucleotide triphosphate. Reac-
tions were incubated 6 h at 37°C. Reactions were pooled
and concentrated to 3 mL with Centriprep-30 concentrators
(Millipore) before purification from a denaturing 4% poly-
acrylamide gel. RNA was extracted overnight in 10 mM Tris-
HCl, pH 7.5, 1 mM EDTA, and 250 mM NaCl, and the
eluate was concentrated and exchanged several times with
deionized water as above. The RNA was resuspended at 10
mg/mL, as estimated from absorption at 260 nm. Greater
than 95% of the RNA was full-length, as judged from
analytical 4% PAGE and staining with ethidium bromide.
For SANS, RNA was diluted to 2 mg/mL in 25 mM Na-
Hepes, pH 7.0, and 0-20 mM MgCl2 or 0-2 M NaCl and

then incubated for 10 min at 50°C before placing it in the
beam. This is sufficient time for folding to reach equilibrium
(14).

Partial RNase T1 Digestion.5′-32P-labeled ribozyme was
incubated with 2 mg/mL unlabeled RNA in 25 mM Na-
Hepes, pH 7.0, plus 0-5 mM MgCl2 for 10 min at 50°C.
RNase T1 (0.1 unit) was added to each sample, and the
resultant solution was incubated for 1 min at 50°C. The
reactions were stopped with equal volumes of formamide
loading dye. The products were separated on a 6% sequenc-
ing gel and quantified as previously described (14). Data
were normalized to the minimum and maximum extent of
cleavage for each residue and fit to the Hill equation,Yh )
[Mg2+]n/([Mg2+]n + Cm

n), whereYh is the fractional saturation,
Cm is the midpoint of the transition, andn is the Hill constant.

Self-Splicing Assays.Splicing reactions were carried out
as previously described (14, 16), except that32P-labeled pre-
tRNA was mixed with an additional 2 mg/mL unlabeled
Azoarcusribozyme in 25 mM Na-Hepes, pH 7.0, plus 0-30
mM MgCl2 to mimic SANS conditions. Samples were
equilibrated for 10 min at 50°C and 2 min at 32°C before
the splicing was initiated with 100µM GTP. Spliced products
were analyzed as previously described (14), and progress
curves were fit to first-order rate equations.

SANS Measurements.SANS experiments were carried out
on the 195 ntAzoarcusribozyme in aqueous (100% H2O)
25 mM Na-Hepes, pH 7.0, supplemented with NaCl or
MgCl2. Measurements were performed using the NG3 30 m
SANS instrument at the Center for High-Resolution Neutron
Scattering at the National Institute of Standards and Technol-
ogy (NIST) in Gaithersburg, MD (17). RNA samples
prepared as above were placed in quartz cuvettes (0.3 mL)
with a 1 mmpath length. Sample holders were maintained
at 32°C throughout the experiment.

In small angle scattering, the scattering from the sample
is measured over the angular range from a fraction of a
degree to a few degrees, which corresponds to size scales
of 10-500 Å for 6 Å wavelength neutrons. This scattering
is due to the interaction of the neutrons with the variations
in neutron scattering length density (SLD) in the sample.
For a sample consisting of particles in a solvent, these
variations are characterized by the particles’ relative SLD
function,F(rb), resulting from differences in the atomic and
isotopic composition and density of the particles relative to
the solvent. The scattered intensity is measured as a function
of the momentum transfer,QB, and is related to the scattering
angle 2θ by |QB| ) Q ) (4π/λ) sin θ, whereλ is the neutron
wavelength.

The scattered intensity was obtained by subtracting from
the raw scattering data the background scattering due to the
buffer and cuvette and the incoherent scattering from
hydrogen atoms. The data sets were placed on an absolute
scale by normalizing the scattered intensity to the incident
beam flux. Data were radially averaged to produce the
scattering intensityI(Q) as a function ofQ. The wavelength
λ was fixed at 6 Å with ∆λ/λ ) 26.4% over the entire range
of momentum transfer measured. The spatial range obtained
from scattering measurements is given to first order by〈r〉
) π/Q. In our experimentsQ ranged from 0.01 to 0.15 Å-1,
which corresponds to a spatial range of 314 Å< 〈r〉 < 20.9
Å. More details of the SANS instrument can be found in ref
17.

2 Certain commercial materials, instruments, and equipment are
identified in this paper in order to specify the experimental procedures
as completely as possible. In no case does such identification imply a
recommendation or endorsement by the National Institute of Standards
and Technology nor does it imply that the materials, instruments, or
equipment identified are necessarily the best available for the purpose.

FIGURE 1: Structure of theAzoarcusgroup I ribozyme. The
secondary (22, 42) and tertiary structures (14) were modeled from
comparative sequence analysis. Base-paired (P) regions in the
ribozyme are indicated.
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Data Analysis.The distance distribution functionP(r) for
the Azoarcusribozyme in solution was estimated from the
scattering data using an inversion algorithm, GNOM, de-
veloped by Semenyuk and Svergun (http://www.emblham-
burg.de/ExternalInfo/Research/Sax) (12, 18). TheP(r) was
calculated using

and normalized toI(0) using∫0
∞P(r) dr ) I(0)(4π)-1. By

definition,P(r)3 is related to the density-density correlation
function as follows:

whereΩ is a solid angle,ub is any vector in the volumeV
defining the space occupied by a particle, andF(rb) is the
relative SLD function of the particles. Because of its direct
relation toF(rb), P(r) can be used to calculate the size and
shape of the particles. The radius of gyration was obtained
from

where P(r) ) 0 for r < Dmin and r > Dmax, Dmin is the
smallest distance within the particle (generally zero), and
Dmax is the largest dimension within the particle. GNOM
calculatesP(r) from small angle scattering data using eq 1.
For a givenDmin andDmax the calculatedI(Q), Icalc(Q), is

Theoretical Models.A theoreticalP(r) distribution was
computed from the 3D atomic model of theAzoarcus
ribozyme (14) using the program CRYSON (19) by D.
Svergun (http://www.embl-hamburg.de/ExternalInfo/Research/
Sax/cryson.html). TheP(r) curves were compared to standard
polymer models of single chains. Treating the unfolded RNA
as a random coil, we obtainedP(r) by an inverse Fourier
transform of the Debye scattering function. Lettingx ) r/2Rg,
P(r) for a random coil is

where

Asymptotically (x . 1), P(r) ≈ [1/(2xπRg)]e-x2. The
native RNA can be considered maximally compact and was
approximated by a sphere of radiusR. For a sphere withRg

2

) 3R2/5, P(r) is

Both these models characterizeP(r) in terms of a single
length,Rg.

RESULTS

Change in RNA Conformation by SANS.To monitor
conformational transitions in the RNA, SANS experiments
were carried out on 2 mg/mL ribozyme solution over a range
of MgCl2 and NaCl concentrations. The scattered intensity
measured on samples containing 1, 2, and 3 mg/mL RNA
in 10 mM MgCl2 scaled with concentration and showed no
evidence of particle-particle interactions. In Hepes buffer
alone, some aggregation was apparent in 3 mg/mL RNA.
All further SANS experiments were performed on 2 mg/mL
solutions of the ribozyme to minimize interactions between
molecules.

Figure 2a shows the scattering intensity data as the Mg2+

concentration is increased from 0 to 20 mM. The scattering
curves fall into two distinct classes: One set of curves,
corresponding to samples where the concentrations of Mg2+

varied from 0 to 1.6 mM, has scattered intensity which
decreases rapidly as a function ofQ, indicating particles with
a relatively largeRg. The second set, corresponding to
samples with Mg2+ concentrations from 1.7 to 20 mM,
represents structures that are more compact. In these samples,
the scattered intensity decreases more slowly as a function
of Q. The data are similar within each group, and the
transition between the two types of scattering behavior occurs
abruptly between 1.6 and 1.7 mM MgCl2.

Similarly, the scattering curves for the ribozyme in
increasing concentration of NaCl are split into two types with
a transition at 450 mM NaCl, as shown in Figure 2b. The
transition, however, is reached more gradually as the salt
concentration varies between 0 and 450 mM. The higher
concentrations of Na+ required to condense the RNA are
consistent with less efficient charge neutralization by the
monovalent counterions and the ability of multivalent metal
ions to bridge two phosphates (ref6 and references cited
therein).

Metal Ion Induced Collapse.Inverting the scattering data
to the real space density correlation functionP(r) has been
useful for the analysis of macromolecules because it gives a
model-independent measure of the size and shape of the
molecules (13). The scattering curves in Figure 2 were
indirectly inverted to obtain the real space correlation
functionP(r) (Figure 3). It is evident from Figure 3 that the
two classes ofP(r) functions relate to two distinct particle
shapes: an extended shape at low cation concentrations and
a significantly more compact state at high cation concentra-
tions. The variation in the maximum extension of the
particles,Dmax, for the extended shape or the compact shape
shows that the precision ofDmax is within 7% (Table 1). The
Rg computed fromP(r) decreases from an average of 53(
1 Å below 1.6 mM MgCl2 to 31.5( 0.5 Å above 1.7 mM
MgCl2 and 33.4( 0.2 Å in 2 M NaCl (Table 1).

To evaluate the unfolded state in low counterion concen-
trations, we compared the distribution functionsP(r) to a
standard Gaussian chain model (random coil) with an
equivalentRg (see Materials and Methods). TheP(r) func-

3 P(r) is the chord (secant) distribution in an object of uniform density
representing the particleF(rb), as obtained by eq 1, which is then
averaged over all angles following eq 2. Equivalently,P(r) is the
distribution of line segments formed by the joining of two points on
the surface of the object representing the particle.

P(r) = 1

2π2∫Qmin

QmaxI(Q)Qr sin(Qr) dQ (1)

P(r) ) r2∫Ω∫V
F(ub)F(ub + rb) dub dΩ (2)

Rg
2 ) ∫Dmin

DmaxP(r)r2 dr/2∫Dmin

DmaxP(r) dr (3)

Icalc(Q) ) ∫Dmin

Dmax1

r2
P(r)e-iQB rb drb (4)

P(r)

I(0)
) 2

xπRg

[xπx(x2 + 1/4)erfc(x) - x2e-x2
] (5)

erfc(x) ) 1 - 2
π∫0

x
e-t2dt (6)

P(r)

I(0)
) 3r2

5R3[1 - 3r
4R

+ r3

16R3] (7)

1748 Biochemistry, Vol. 43, No. 6, 2004 Perez-Salas et al.



tions show that even with an equivalentRg, the mass in the
RNA in 25 mM Na-Hepes is distributed over shorter
distances than predicted by the random coil model (Figure
4). The experimentally obtained value ofP(r) is greater over
distances of 90-130 Å than expected for a random coil. This
suggests that, on intermediate scales, RNA is more rigid than
a Gaussian chain. This local stiffness is presumably due to
double helical segments in the unfolded RNA.

We also compared the experimentalI(Q) andP(r) curves
for the 20 mM Mg2+ sample, where the ribozyme is in its
native conformation, with the predicted scattering curve
I3D(Q) and correspondingP3D(r) computed from a 3D model
of the ribozyme (14) (Figure 1) andPsphere(r) for a sphere
(see Materials and Methods). As shown in the insert of Figure
4, the SANS curve predicted by the 3D model is similar to
the data but yields a smallerRg of 30 Å. The difference
between the most probable values ofr of the 3D model and
the experimental curve could be due either to conformational
fluctuations in the native state or to errors in the model, which
is based on comparative sequence analysis (14). As expected,
P(r) obtained from the scattering data more closely resembles
P3D(r) thanPsphere(r), especially forr < Rg.

Comparison of Folding in Mg2+ and Na+. Differences in
the size of the compact states formed in Mg2+ and Na+ are
small, with a deviation inRg at the largest salt concentrations
of about 2 Å (Figure 3 and Table 1). A slightly less compact
shape is attained in 2 M NaCl (Rg ) 33.4( 0.2 Å) than in
20 mM MgCl2 (Rg ) 31.5 ( 0.6 Å). The difference inRg

may be smaller, as the Na+ transition may not be fully
saturated even at 2 M NaCl. The similarity ofRg values
obtained in Mg2+ and Na+ is consistent with biochemical
results showing that theAzoarcusribozyme forms many
tertiary interactions in monovalent salts, lacking only a few
within the active site (20). Because many different metal
ions support the formation of IC (20), it seems unlikely that
the formation of compact intermediates requires site-specific
coordination of metal ions. Instead, collapse is driven by
nonspecific electrostatic interactions. Previous biochemical
data showed that native-like intermediates of theTetrahy-
menaribozyme are also stabilized by a variety of counterions
(6, 21).

Collapse Correlates with Helix Assembly.An important
question is whether the metal ion induced decrease in the
radius of gyration (Rg) of the ribozyme correlates with the
formation of native secondary or tertiary interactions. We
previously observed two macroscopic conformational transi-
tions in the Azoarcus ribozyme with increasing Mg2+

FIGURE 2: SANS data for theAzoarcus ribozyme. (a) Mg2+

concentration dependence: 25 mM Na-Hepes, pH 7.0 at 32°C (9),
plus 1 mM Mg2+ (]), 1.3 mM Mg2+ (×), 1.5 mM Mg2+ (O), 1.6
mM Mg2+ (+), 1.7 mM Mg2+ (0), 4 mM Mg2+ (4), and 20 mM
Mg2+ (b). (b) Na+ concentration dependence: 25 mM Na-Hepes,
pH 7.0 (9), plus 100 mM Na+ (×), 450 mM Na+ (O), 750 mM
Na+ (+), and 2 M Na+ (0).

FIGURE 3: Distance distribution functions.P(r) distributions were
fit to the SANS data in Figure 2 according to eq 1 and scaled by
Icalc(0)-1. For clarity, error bars are not shown. Symbols as in Figure
2. (a) Mg2+ titration. (b) Na+ titration. Insets: Scattering curves
computed fromP(r) distribution functions are compared with
neutron scattering data from samples containing 0 and 20 mM
MgCl2 or 0 and 2 M NaCl, respectively.
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concentration (14). In low ionic strength buffer (25 mM Na-
Hepes, pH 7.0), the P2, P4, P5, and P6a stem-loops are
formed, but the RNA is otherwise unfolded (U). In the first
transition, moderate concentrations of monovalent or divalent
salt stabilize an intermediate (IC) containing native double
helices in the core of the ribozyme. These interactions include
the P3/P7 pseudoknot and a triple helix that mediates
interactions between the P4-P6 and P3-P9 domains (Figure
1). In the second transition, higher Mg2+ concentrations
stabilize the native tertiary structure (N), which coincides
with the appearance of catalytic activity (14). Similar
transitions were observed in Na+ and other monovalent and

divalent counterions, except that 1 M NaCl produced a folded
but inactive structure (IF) (20).

To determine which of these transitions (U to IC or IC to
N) correlates with compaction of the RNA, the secondary
structure of the ribozyme was probed by partial digestion
with ribonuclease (RNase) T1 under the conditions of the
SANS experiments (see Supporting Information). Addition
of Mg2+ resulted in the protection of G’s throughout the core
of the ribozyme, with midpoints for individual residues
ranging from 1.2( 0.4 to 1.9( 0.1 mM MgCl2 under these
conditions (Figure 5a). These values are higher than reported
previously (14), because the high RNA concentrations used
for SANS (6 mM in nucleotides) require higher numbers of
counterions. The midpoints of base-pairing transitions moni-
tored by RNase T1 were close to the MgCl2 concentration
at which we observed collapse of the RNA (1.7 mM).
Protection of core nucleotides from RNase T1 in Na+ also
coincided with the decrease inRg measured by SANS (Figure
5a).

By contrast, higher Mg2+ concentrations were required for
self-splicing activity under these conditions (Figure 5b and
Supporting Information), which reflects the formation of
native tertiary structure (14). The midpoint of the transition
to the native structure was 4.5 mM Mg2+, with maximal
activity above 20 mM Mg2+. Thus, global collapse of the
RNA chain correlates with the assembly of core helices
during the transition to IC and occurs at lower Mg2+

concentrations than the formation of native tertiary structure
(N) as reported by self-splicing activity (Figure 5b).

DISCUSSION

Small angle neutron scattering measurements reveal a
highly cooperative transition to a compact intermediate for
the 195 ntAzoarcusgroup I ribozyme in MgCl2. Parallel
RNase T1 assays under identical conditions showed that this
transition correlates with the assembly of the ribozyme’s core
helices. Catalytic activity is not observed until the Mg2+

concentration is increased 3-5-fold above the concentration
where the initial collapse occurs. Yet, even after a 5-fold
increase in Mg2+ concentration, no further compaction of
the ribozyme is observed by SANS (Table 1), indicating that
changes in the size and shape of the ribozyme during the
transition from the intermediates to the native state are
smaller than the 1 Å error of these measurements. Together,
these experiments provide strong support for the idea that
counterions induce the collapse of polynucleotide chains but
that collapse alone is not sufficient to produce the native
state.

Long-range interactions in the catalytic center of group I
ribozymes, such as the P3/P7 pseudoknot and the central
triple helix, bring together nucleotides that are distant in the
primary sequence (22). Consequently, assembly of helices
in the core of the ribozyme was expected to result in
compaction of the RNA (14), consistent with our observation
that reduction inRg coincides with the U to IC transition.
That the assembly of helices in the ribozyme core occurs at
low Mg2+ concentrations and precedes tertiary folding is also
suggested by recent experiments on group I introns from
yeast mitochondria andCandida albicans(23, 24).

For theAzoarcusribozyme, as for theTetrahymenagroup
I ribozyme (388 nt), the catalytic domain ofBacillus subtilis

Table 1: Summary of SANS Resultsa

salt concn Dmax (Å) Rg (Å)b

buffer only 151( 2c 52.3
1 mM MgCl2 159 55.3
1.3 mM MgCl2 159 54.1
1.5 mM MgCl2 159 54.3
1.6 mM MgCl2 149 53.9
1.7 mM MgCl2 85 31.6
4 mM MgCl2 81 31.1
20 mM MgCl2 87 31.9
100 mM NaCl 144( 1c 50.4
450 mM NaCl 109 38.1
750 mM NaCl 107 36.6
2 M NaCl 91 33.4

a All samples contain 2 mg/mL ribozyme in 25 mM Na-Hepes, pH
7.0 at 32°C. Parameters are derived from fits toP(r) functions as
described in the text.b For samples containing Mg2+, the uncertainty
in Rg values due to random error can be estimated from the standard
deviations of the mean values for the unfolded and compact conforma-
tions, which were 53( 1 and 31.5( 0.5 Å, respectively. Statistical
errors of individual fits computed with GNOM ranged from 0.2 to 0.7
Å. c Error reflects variation inDmax among equivalent “best” fits for
these samples. Data for other samples yielded a single best fit.

FIGURE 4: Comparison of distance distribution functions of
unfolded and native RNA with models.P(r)’s obtained from SANS
data for 25 mM Na-Hepes, pH 7.0 at 32°C: (9) with no added
salt; (b) plus 20 mM Mg2+. Curves represent the following: (s)
Prandom coil(r) for a random coil,Rg ) 53 Å; (- -) Psphere(r) for a
uniform sphere,Rg ) 31.5 Å; (- - -)P3D(r) for the 3D atomic model,
Rg ) 30 Å. Inset: SANS data for RNA in 25 mM Na-Hepes, pH
7.0, plus 20 mM Mg2+. The continuous curves correspond toIcalc(Q)
computed from the experimentalP(r) (s) and I3D(Q) computed
from the 3D model (14) using CRYSON (19).
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RNase P (250 nt), and yeast tRNAPhe (76 nt), the major
collapse transition occurs in the early stages of the salt
titration (7, 8), during which the effective charge on the
nucleic acid is most sensitive to changes in metal ion
concentration. Unlike theAzoarcusribozyme, theTetrahy-
menaribozyme and RNase P C domain form intermediates
that are 5-15% less compact than the native structure. More
expanded intermediates could reflect the increased presence
of non-native interactions or greater structural dynamics of
these folding intermediates, compared with the intermediates

formed by theAzoarcusribozyme. Indeed, recent stopped-
flow SAXS studies provide evidence of an early nonspecific
collapse followed by more specific compaction in the
Tetrahymenaribozyme (25). As we argue below, these
differences may reflect differences in the collapse mecha-
nisms of these RNAs.

A First-Order Mg2+-Induced Collapse Transition?The
transition to the collapsed state, especially in Mg2+, is
unexpectedly sharp (Figure 5). It is generally assumed that
the collapse transition should be continuous, withRg chang-
ing smoothly as the counterion concentration is increased.
By contrast, the U to IC transition in Mg2+ has the
characteristics of an “all-or-none” transition. Because this
transition is induced by both Mg2+ and Na+, it is likely to
reflect nonspecific condensation of counterions around the
nucleic acid rather than specific metal ion interactions. The
transition in Mg2+ may appear particularly steep because of
the large numbers of Mg2+ ions needed to satisfy the
phosphates at the high RNA concentrations used for SANS
(6 mM nucleotides). However, a sharp (but less abrupt)
collapse transition is also observed at lower concentrations
of the Azoarcusribozyme (G. Caliskan, U. Perez-Salas, P.
Rangan, D. Thirumalai, R. M. Briber, and S. A. Woodson,
unpublished results) and theTetrahymenaribozyme (6).

Biochemical data show that the discontinuous change in
Rg is accompanied by an increase in intrachain interactions
and a decrease in free energy over the U to IC transition.
Together, these observations suggest that the collapse transi-
tion in Mg2+ is first order. If true, this implies that U and IC

are separated by a free energy barrier. A first-order U to IC

transition would be consistent with theoretical predictions
of the generic coil to globule transition in polyelectrolytes
(26). Further experiments will be required to test this idea.

Compact Intermediates in RNA Folding.The similarity
in size between the intermediate and the native forms of the
Azoarcusribozyme suggests that the IC intermediate state is
structured, even though native tertiary contacts are barely
detectable under these conditions by hydroxyl radical foot-
printing (14, 20) or by self-splicing activity (Figure 5). This
suggests that IC represents an ensemble of compact and
native-like states. An alternative hypothesis is that IC is not
a distinct structural ensemble but simply represents a rapid
equilibrium between U and N. This explanation is less
satisfactory, because the 10% of native RNA in 1.7 mM
MgCl2 deduced from self-splicing assays is too low to
account for the native-likeP(r) distribution of this sample.

In folded RNAs, interactions between double helices are
mediated by “bridging” counterions (27), hydrogen-bonding
networks (28), and van der Waals interactions along the
minor groove (29). The extent to which counterions and
hydrophobic interactions also stabilize nonspecific helix
packing is not known. Recent results from single molecule
studies of the hairpin ribozyme suggest that Mg2+ ions
associate with compact forms of the ribozyme before the
RNA molecules cross the major folding transition state (30).
The presence of compact but non-native intermediates was
also inferred from the folding kinetics of the P4-P6 domain
of the Tetrahymenaribozyme (31).

Counterion-Mediated Collapse.As in DNA condensation
(32), multivalent cations drive the compaction of RNA chains
more efficiently than monovalent cations (6). In our experi-
ments, a 100-fold lower concentration of Mg2+ than Na+ is

FIGURE 5: Comparison ofRg with ribozyme folding. (a) The change
in Rg measured by SANS (filled symbols) is compared with the
fractional saturationYh for RNase T1 protection (open symbols) in
MgCl2 (circles) or NaCl (squares). Data were fit to the Hill model:
(O) Cm ) 1.2( 0.1 mM,n ) 2.7( 0.6; (b) Cm ≈ 1.7( 0.1 mM,
n > 100; (0) Cm ) 180( 11 mM, n ) 1.8 ( 0.2; (9) Cm ) 282
( 22 mM, n ) 1.5 ( 0.1. RNase T1 data shown are for G121,
G122, and G124. Similar results were obtained for other residues
(see Supporting Information). (b) Comparison of folding and activity
in MgCl2: Rg (b); RNase T1 (O); rate of self-splicing (9). Data
were fit to the Hill equation as in A:Cm ) 4.5 ( 0.5; n ) 2.0 (
0.3. Rg was normalized to the maximum and minimum values
obtained. Biochemical assays were conducted in the same conditions
as SANS to permit direct comparison of the results.
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required to induce compaction of the ribozyme. Because
electrostatic repulsion of the phosphates is a major force
opposing RNA folding, theRg of an approximately spherical
folded RNA is expected to correlate with the residual net
charge of the polynucleotide after counterion condensation,
Nνj ≈ -ln φ(Rg/ZlB), whereN is the number of residues,νj
is the residual charge per phosphate,φ is the volume fraction
of the counterions,lB is the Bjerrum length, andZ is the
valence of the counterion (6). Taking the value oflB ) 7.1
Å in water, we find thatνj ≈ 0.1 near the midpoints of the
collapse transitions (1.7 mM MgCl2 and 280 mM NaCl).
Hence, the RNA folds in the presence of counterions when
approximately 90% of the phosphate charge is neutralized,
which is qualitatively consistent with previous work (refs
33 and34 and references cited therein). The net charge per
phosphate is roughly similar whether the RNA is folded in
monovalent or divalent salts. By contrast, counterion con-
densation theory predictsνj ) 0.24 for monovalent cations
and 0.12 for divalent cations associated with double-stranded
DNA (35, 36), which cannot form such tightly packed
structures.

Because of nearly complete neutralization of the backbone
charges due to nonspecific counterion condensation, the
native structures can become maximally compact, so that
Rg

o = lpN1/3, whereRg
o is the size of the native state,N is

the number of nucleotides, andlp is an effective persistence
length. Using experimentalRg

o values, we obtainlp ≈ 5.4-
5.8 Å for the native state, depending on the counterion. Using
SAXS data on theTetrahymenaribozyme (7), we previously
estimatedlp ≈ 7 Å.

CONCLUSION

Theoretical arguments (2) and the present and previous
(7, 8) scattering experiments have shown that the transition
to the native state must be preceded by counterion-mediated
collapse of the RNA chain. A key unresolved question is
the nature of the collapsed states. The IC state, which we
take to be an ensemble of compact structures, could be
produced by either specific collapse to native-like structures,
nonspecific collapse to an ensemble of native and non-native
structures, or both. Structures resulting from specific collapse
have large numbers of fluctuating native contacts, whereas
those arising from nonspecific collapse are stabilized by
many non-native contacts.

The well-studiedTetrahymenaribozyme produces a col-
lection of non-native metastable intermediates that require
several minutes or longer to reach the native state (37-40).
For this RNA, only a small fraction of the folding population
folds within 1 s. The prevalence of misfolded structures is
consistent with nonspecific counterion-mediated collapse.

By contrast, collapse of theAzoarcusribozyme coincides
with the formation of native helices in the core of the
ribozyme. That the unusually sharp collapse transition of the
Azoarcusribozyme produces an IC state with near-nativeRg

values suggests that Mg2+ favors specific collapse, in
agreement with biochemical assays (14). Because the search
for the native state occurs among compact native-like
structures (41), it should require less time. The observation
that a large fraction of theAzoarcusribozyme population
folds in ∼100 ms also lends support to the assertion that IC

represents an ensemble of specifically nucleated “native-like”

structures. Additional experiments will be needed to further
characterize the nature of collapsed structures in this and
related RNAs.
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